Correspondence and offprint requests to: F. C. Fervenza; E-mail: fervenza.fernando@mayo.edu *These authors contributed equally to this work.
Introduction
Idiopathic membranous nephropathy (MN) is a common immune-mediated glomerular disease and remains the leading cause of nephrotic syndrome in Caucasian adults [1] . Although in most patients the disease progresses relatively slowly, ∼40% of patients eventually develop endstage renal disease (ESRD) [2] . Because of its frequency, it remains the second or the third most common type of primary glomerulonephritis resulting in ESRD [3] . Patients with MN who remain nephrotic are at an increased risk of thromboembolic [4] and cardiovascular events [5, 6] . Available immunosuppressive therapies include the use of corticosteroids combined with cytotoxic agents, and calcineurin inhibitors. These therapies are at least partially successful in reducing proteinuria, but their use is controversial, associated with significant adverse effects and carries a high rate of relapse (reviewed in [7] ). These are important considerations in a disease where up to 30% of MN patients may achieve spontaneous remission of proteinuria and enjoy long-term renal survival without such therapy [8] .
Given the variability in the natural history of the disease, an approach has been to limit immunosuppression treatment to those subjects identified as being at higher risk of progression, and a number of predictors of renal outcome and disease progression have been identified for patients with idiopathic MN [9] [10] [11] . Among them, some qualitative aspects of proteinuria such as urinary (U) excretion of α1-microglobulin (α1M), β2-microglobulin (β2M), immunoglobulin IgG and IgM have been reported as strong predictors of renal disease progression [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, little is known regarding factors that may predict response to therapy, and only a few studies have evaluated the use of urinary markers for this purpose [22] [23] [24] .
Bazzi et al. [17] quantified UIgG and Uα1M in 38 patients with nephrotic syndrome and normal renal function. Using an arbitrary cutoff value of 110 mg/g urinary creatinine (uCr) for IgG and 33.5 mg/g uCr for α1M, these investigators showed that 100% of patients with a baseline IgG excretion of <110 mg/g uCr underwent remission of proteinuria versus 20% in those with an IgG excretion of >110 mg/g uCr. Similarly, 77% of the patients with an α1M of <33.5 mg/g uCr went into remission versus 17% of the patients with an α1M of >33.5 mg/g uCr. Conversely, the remission rate was independent of baseline proteinuria. Of the 38 patients, 19 were allocated, in a non-randomized fashion, to receive either corticosteroids and cyclophosphamide (CYC) for 6 months (n = 16), or corticosteroids alone (n = 3), versus continuation of conservative therapy (n = 19). There was no difference in remission of proteinuria between the treated and the untreated patients. A greater percentage of patients with UIgG and Uα1M above the cutoff value went into remission with immunosuppressive therapy versus those on conservative treatment, but the results did not reach statistical significance [17] . The same group also suggested the use of fractional excretion (FE) of IgG as a helpful predictor of response in patients with focal segmental glomerulosclerosis (FSGS) [22] .
We recently conducted a study in 20 patients with MN treated with response to rituximab (RTX) [25] . Of the 18 patients who completed a 24-month follow-up, remission of proteinuria was seen in 16 patients. However, baseline proteinuria, pharmacokinetic studies and evaluation of B and T cell subsets could not predict which patient would respond to RTX. On the other hand, depletion of anti-PLA 2 R autoantibodies, a new biomarker identified in the majority of patients with MN [26] , predicted proteinuria response in MN [27] . The present study aimed to evaluate whether in patients with MN urinary excretion of low-, medium-and high-molecular-weight (MW) proteins and their correlations with anti-PLA 2 R antibodies could identify a priori patients who may respond to RTX and thus benefit from this form of therapy.
Materials and methods
Study details including inclusion/exclusion criteria have been previously reported [25] . Briefly, patients included in the study met the following criteria: (i) biopsy-proven MN; (ii) creatinine clearance (CrCl) ≥30 mL/ min/1.73 m 2 and (iii) persistent proteinuria >5 g/24 h despite maximal tolerated angiotensin II blockade for at least 4 months. Patients with active infection, diabetes or a secondary cause of MN were excluded. Patients who had been on treatment with prednisone, cyclosporine or mycophenolate mofetil within the last 4 months, or alkylating agents within the last 6 months were also excluded from the study. Patients who fulfilled the inclusion criteria received RTX, 375 mg/m 2 (iv) on Days 1, 8, 15 and 22, with retreatment (IRB) at Month 6 regardless of their clinical status. The Institutional Review Boards (IRB) at Mayo Clinic, University of North Carolina Chapel Hill, and the University Health Network, University of Toronto, approved the study and all the patients provided written informed consent, which was registered on www. clinicaltrials.gov, identifier NCT00405340.
Follow-up
In all patients, clinical and laboratory parameters, including complete blood counts, electrolytes, serum albumin, serum IgG (IgM, IgA) and a lipid panel, were evaluated at study entry, and at Months 3, 6, 9, 12, 18 and 24. CrCl, urinary protein (UP) and uCr were assessed by performing two consecutive 24-h urine collections at baseline, 6, 12 and 24 months, and one collection at the other visits. Data were considered accurate when uCr excretion was consistent with a complete 24 h collection. The mean of the two measurements was considered for the analysis.
Measurement of UPs
Urinary excretion of retinol-binding protein (RBP; MW 22 kd), α1M (MW 31.8 kd), albumin (MW 67 kd), IgG (MW 150 kd) and IgM (MW 850 kd) were measured in the Mayo Renal Function Laboratory at baseline, 3, 6, 9 and 12 months. Quantification of IgG, α1M and RBP assays were performed using a Dade Behring Nephelometer II and manufacturer supplied kits. IgM was measured by enzyme-linked immunosorbent assay using a two-site immunoenzymetric assay (Cygnus Technologies, Inc., Southport, NC). The lower limit of detection, defined as the concentration corresponding to a signal two standard deviations above the mean of the zero standard, was ∼4 mg/dL for IgG and 177 pg/mL for IgM. The lower limit of quantification, defined as the lowest concentration where concentration coefficients of variation are <20%, was 3.6 mg/L for IgG and 250 pg/mL for IgM. The levels of albumin and creatinine were measured on a Hitachi 912 chemistry autoanalyzer using an immunometric method (Tina-quant reagent system) and an enzymatic creatinase assay respectively (Roche Diagnostics, Indianapolis, IN) Total protein was measured on the Hiatchi 912 by pylogallo red (Wako Chemicals USA, Inc., 1600 Bellwood Road, Richmond, VA).
Anti-PLA 2 R immunoassay
Baseline samples were tested for the presence of anti-PLA 2 R antibodies by western blot immunoassay against both native PLA 2 R ( present in extracts from human glomeruli) and cell-expressed recombinant human PLA 2 R, as previously described [26] . Subsequent sera from patients initially found to be positive in both assays were subsequently tested against native PLA 2 R only. Sera were routinely tested at a titer of 1:25, which has been shown to be both sensitive and specific. In those samples that were initially negative at 1:25, repeat testing was carried out at a serum dilution of 1:10 to detect very weakly positive samples.
Samples that did not show anti-PLA 2 R reactivity at 1:10 dilution were considered negative.
Data handling and statistical considerations
The primary efficacy parameter was defined as change in UP excretion from baseline (Week 0) to 12 months post treatment. With institutional review board permission, the follow-up was extended to 24 months. Significance was assessed using a two-sided paired t-test with P-values < 0.05 accepted as significant. Complete remission (CR) was defined as a UP of <0.3 g/24 h, partial remission (PR) a reduction in UP of >50% plus a final UP of <3.5 g but >0.3 g/24 h, limited response (LR) a reduction in UP of >50% plus a final UP of >3.5 g/24 h and no response (NR) a reduction in UP of <50%. UIgG, UIgM, Uα1M, urinary retinol binding protein (URBP), FE IgG, FE IgM and albumin as well as the change in proteinuria at 12 and 24 months were also evaluated by means of simple linear regression analysis. FE of IgG, IgM and albumin, expressed per 100 mL of CrCl, was calculated according to the following formula:
All values were log-transformed. Data are presented as means (±SD) or medians (range). All statistical calculations were performed using the JMP software, version 8.0 (Cary, NC). Percentage (%) of reduction in anti-PLA 2 R levels was calculated as % of reduction of each marker for each individual patient at each time point and then average (% reduction = [(UP baseline -UP mo)/UP baseline] × 100.
Results
Twenty patients (17 men and 3 women), aged 49 ± 13 years (mean ± SD), were enrolled in the study (Table 1 ). All the patients were severely nephrotic ( proteinuria 11.9 ± 4.9 g/24 h). Systolic and diastolic blood pressures averaged 118 ± 14 and 74 ± 11 mmHg, respectively, at baseline, whereas the mean serum creatinine was 1.5 ± 0.5 mg/ dL and the mean CrCl was 72.4 ± 33.1 mL/min/1.73 m 2 .
Outcome
In the 18 patients who completed 24 months of follow-up, proteinuria decreased from a baseline of 11.9 ± 4.9 g/24 h (mean ± SD) to 4.2 ± 3.8 g/24 h at 12 months and 2.0 ± 1.7 g/24 h at 24 months (both P < 0.001, paired t-test). By the end of 24 months, CR was achieved in 4 patients, PR in 12 patients, 1 patient had a LR and 1 patient relapsed. The reduction in proteinuria was gradual, and in 18 patients who responded to treatment, the delta (Δ) proteinuria at 24 months was −10.1 ± 5.0 g. Using withinpatient slopes (log scale), the average monthly drop in proteinuria through 24 months was found to be 8.5 ± 6.6% (P < 0.001). The reduction in proteinuria was paralleled by a progressive and significant increase in serum albumin levels from 2.7 ± 0.6 g/dL at baseline (≤3 g/dL in 12/20 patients) to 3.7 ± 0.4 g/dL at 12 months (≤3 g/dL in only 1/19 patients) and 4.0 ± 0.5 (mean ± SD) at 24 months. CrCl increased from 72.4 ± 33 mL/min/1.73 m 2 at baseline to 88.4 ± 31.5 mL/min/1.73 m 2 at 24 months (P = 0.02). There were significant changes in serum IgG and IgM levels, with baseline IgG levels increasing toward the normal range and IgM levels decreasing at 12 months and later. Serum IgA levels remained stable over the 2-year time period.
Two patients did not respond to the treatment. One patient (#7) who was immunosuppression-naive prior to entry was removed from the study at 6 months because of worsening proteinuria and progressive decline in kidney function (CrCl = 46 mL/min/ 1.73 m 2 at baseline; 25 mL/ min/1.73 m 2 at Month 6). He was treated with prednisone and CYC and went into CR. A second patient who had failed multiple previous immunosuppressive treatments also did not respond to RTX at 12 months. He was subsequently treated with Tacrolimus and went into PR.
Correlation of UP excretion and response to RTX
There were significant changes in the UP profile, with Uα1M, URBP, Ualbumin, UIgG, FE IgG and FE albumin all showing significant decreases from baseline to 12 months. On the other hand, UIgM and FE IgM did not change significantly between baseline and Month 12 ( Table 2) .
As reported by Bazzi et al. [22] , we found a positive correlation between baseline UIgG and Uα1M P < 0.0001 ( Figure 1A) . A similar correlation was found between baseline UIgM and Uα1M P = 0.006 ( Figure 1B) . When results were analyzed by simple linear regression analysis in relation to proteinuria at 12 months, baseline UIgG (P = 0.04), FE IgG (P = 0.05), Uα1M (P = 0.04) and URBP (P = 0.03) predicted proteinuria response (Figure 2A-D) , while UIgM, FE IgM, Ualbumin and FE albumin did not (P = 0.10, 0.27, 0.22 and 0.20, respectively; data not shown). However, when the same analysis was conducted in relation to proteinuria at 24 months, the correlations were no longer significant: UIgG (P = 0.55), FE IgG (P = 0.42), Uα1M (P = 0.29) and URBP (P = 0.20) (Figures 3A-D and Table 3) . Baseline values for low-and high-MW proteins for individual patients and stratified according to proteinuria response at 24 months are presented in Table 4 .
The mean baseline UIgG was 293.03 ± 301.08 and 488.95 ± 356.57 mg/24 h, in patients who reached CR (n = 4) or PR (n = 12) at 24 months, respectively. In patients who were NR or had LR, baseline mean UIgG excretion were 601.7 ± 310.7 and 506.6 mg/24, respectively, and although these results tended to be higher than those found in the group with CR or PR, they did not reach statistical significance maybe due to the small number of patients (P = 0.26). Similar results were found for Uα1M, RBP, Ualbumin, FE IgG, FE albumin and IgM (Table 4) . When, as suggested by Bazzi et al. [28] , baseline cutoff values of 110 mg/g uCr for IgG and 33.5 mg/g uCr for α1M were considered predictors of response at 24 months, only 1/4 in the CR and 2/12 in the PR group had IgG values that fulfilled this criteria, while 2/4 and 3/12 in the CR and the PR groups had α1M below the proposed threshold (Table 4) .
None of the urinary markers could predict responses to other forms of immunosuppressive therapy. Patient #7 had one of the highest levels of UIgG and UIgM at baseline, but treatment with corticosteroids and CYC resulted in CR at 12 months. Similarly, Patient #2 failed therapy with RTX but went into PR following therapy with Tacrolimus, while all of his baseline urinary markers were well within mean values for the entire group (Table 4) .
There was also no difference in the trend of total proteinuria versus the other U markers at 3, 6, 9 and 12 months, suggesting that the improvement in membrane selectivity occurred equally across all urinary markers. These results suggest that quantification of baseline low-and high-MW proteins do not predict ultimate response when using immunosuppressive therapies associated with high rates of response.
Correlation of anti-PLA 2 R antibodies and excretion of UPs
As previously reported, baseline anti-PLA 2 R levels did not correlate with response to therapy. However, a decreased in anti-PLA 2 R almost always preceded the decline in proteinuria [27] . When the percentage in reduction of U proteins is compared with reduction in anti-PLA 2 R, it can be seen that initial decline in anti-PLA 2 R levels, although a bit faster, paralleled declines in U proteins up to Months 3, while after that time, decline in anti-PLA 2 R in patients who responded to RTX was greater and at a much higher rate than the decline in U markers (Figure 4) .
We attempted to compare the rate of decline in anti-PLA 2 R levels between patients who were in PR and those in CR at 24 months. There are 4 CR at 24 m, but only 2 of those patients were anti-PLA 2 R positive at baseline so we compared 11 PR at 24 m (1 was anti-PLA 2 R negative) and 2 CR at 24 m, but the results were not significantly different at any time point.
Discussion
In a number of studies, the use of RTX has induced a CR or PR of proteinuria in 60-80% of patients with idiopathic MN [2, 25, 29] . However, considering the cost of RTX therapy, the fact that not all patients respond to this therapy and the uncertainty regarding the long-term risk of RTX side-effects, it would be desirable to have a marker that could, a priori, identify patients who would respond to RTX and thus spare patients unlikely to respond from receiving RTX.
In a number of studies, quantification of the urinary excretion of low-and high-MW proteins has been reported as accurately predicting renal outcome in patients with glomerular diseases, including MN with variable results, but predicting response to therapy has been less certain [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In the study by Bazzi et al. [17] quantification of UIgG and Uα1M could not predict response to therapy. Nevertheless, these authors suggested that UIgG and Uα1M could be used to identify patients who are at risk of progression and for whom treatment with immunosuppressive therapy is indicated soon after diagnosis [17] . However, a correlation with baseline FE IgG and response to therapy was reported in patients with FSGS [22] . Twenty-seven patients with FSGS and nephrotic syndrome were treated with corticosteroids and CYC (n = 19) or corticosteroids alone (n =8 ). Seventy percent of the patients with FE IgG <0.025 (n = 0) responded to corticosteroids alone, 20% responded to corticosteroids combined with CYC and 10% were unresponsive. In patients with FE IgG >0.025 but <0.140 (n = 10), 20% were responsive to corticosteroids alone and 80% to corticosteroids and CYC. However, none of the patients with FE IgG >0.140 (n = 7) responded to therapy, suggesting that FE IgG may be used to predict response to immunosuppressive therapy in patients with FSGS [22] .
On the other hand, du Buf-Vereijken and Wetzels studied UIgG, Ualb, Uβ2M and Uα1M in 25 patients with MN and renal insufficiency during and after treatment with corticosteroids and CYC and found that neither a Patients 2 and 7 were discontinued from the study at 12 and 6 months respectively. Pt #2 went into PR after treatment with Tacrolimus; Pt #7 went into CR after Corticosteroids + Cyclophosphamide therapy. UP = Urinary Protein; α1M = alpha 1 microglobulin; IgG = Immunoglubilin G; FE =Fractional excretion; RBP = Retinol binding protein; MALB = microalbuminuria; IgM = Immunoglobulin M; UCr= Urinary creatinine.
▭, CR; ▭ , PR; ▭ , LR; ▭ , NR; ▭ , REL.
Urinary proteins in membranous nephropathy absolute levels at baseline or at 12 months nor the percentage reduction between baseline and 12 months in any of the studied markers predicted development of remission or relapse of proteinuria [23] . The present study represents the only prospective analysis to date evaluating the use of urinary excretion of low-and high-MW proteins as predictors of response to RTX therapy, and is the one with the largest number of urinary markers evaluated in a single cohort. As previously reported, following treatment with RTX 375 mg/ m 2 × 4, CR or PR occurred in 10 of 20 patients or 50% at 12 months and in 16/20 or 80% at 24 months [25] .
Although the degree of proteinuria is an important prognostic indicator in most glomerular diseases, proteinuria at baseline did not predict response to RTX in this study. Similarly, quantification of Uα1M, URBP, Ualb and UIgG at baseline correlated with proteinuria response at 12 but not at 24 months. This apparent discrepancy could be explained by the fact that patients with MN who respond to treatment with RTX or cytotoxic agents exhibit a gradual reduction in proteinuria and it may take several months for proteinuria to reach its nadir [25, 30] . Thus, in patients with MN, an inaccurate assessment regarding response to therapy may occur if the primary end-point (e.g. proteinuria) is set too soon after initiation of immunosuppressive therapy. Our results are in agreement with those obtained by du Buf-Vereijken and Wetzels, who found that baseline quantification of IgG, α1M and β2M lacked accuracy in ultimate predicting response to cytotoxic therapy in patients with MN and impaired renal function [baseline CrCl 53 (25-68) mL/min)] followed by >24 months [23] .
It is interesting that there was a very tight relationship between urinary excretion of IgG and α1M ( Figure 3A and B). Given its relatively large size, IgG (MW ∼150 000) should have a significant barrier for filtration, whereas α1M (MW ∼25 000) should be freely filtered. Urinary levels of α1M are likely to reflect proximal tubular function, whereas urinary IgG should reflect both permselectivity defects and tubular reabsorptive capacity. A similar but less compelling relationship existed for urinary IgM and α1M. This tight relationship between urinary level of α1M and IgG and IgM persisted 12 months after therapy, but the correlation was better for IgG than IgM. It is unclear whether tubular cell injury by IgG promotes urinary excretion of multiple proteins due to abnormal proximal tubular reabsorption processes (albumin, α1m, RBP) or whether increased urinary levels of these proteins simply reflect tubular injury by other mechanisms.
It should be taken into account that at least 95% of the proteins filtered through the glomeruli undergo proximal tubular reabsorption. Thus, all the proteins measured in the urine represent a small fraction of the glomeruli filtrate, which makes the interpretation difficult [31] . For example, the glomerular fractional clearances (sieving coefficient) of both RBP and α1M are quite high (0.5-1), but their FE in the final urine is almost zero because of a 99.99% proximal tubular reabsorption. Second, albumin and IgG fractional clearances to the Bowman's space are normally not very different. According to, for example, the two-pore model, they may both be filtered through extremely infrequent ∼110Å (radius) pores, allowing the passage of a fraction of only 10 −4 of the total glomerular filtration rate (GFR) [32] . Third, IgM seems to be totally rejected in the normal glomerular filtration barrier [31] . The mere presence of IgM in the urine may signal a major sizeselective defect, if a post-renal source of IgM can be excluded, although a major problem with using IgM as a biomarker is its low concentration and the relatively high determination errors involved [31] .
Having an accurate predictor of response to treatment with RTX would allow individualized targeting of therapy. Unfortunately, none of the following have helped to predict response to RTX: serum RTX levels, quantification of B and T cell subpopulations at baseline, testing for the presence of anti-chimeric antibodies, nor quantification of B and T cell numbers in renal biopsies [25, 29] . Ruggenenti et al. [33] correlated the degree of tubulointerstitial changes (tubulointerstitial atrophy and tubulointerstitial fibrosis) with response to RTX therapy. However, in our previous study, the degree of interstitial fibrosis in the initial biopsy did not predict response to RTX [29, 33] . Since the majority of patients in the current study had little tubulointerstitial fibrosis, we cannot disprove that significant fibrosis could render a patient unresponsive to RTX therapy. However, our results are consistent with recent data suggesting that chronic changes observed at presentation relate more closely to pre-existing patient factors such as age and hypertension rather than the effects of the MN disease itself, and do not preclude a remission of proteinuria among patients treated with immunosuppressive therapy [34] . These results are also compatible with the notion that IgG, α1M and β2M lack accuracy in predicting the response to cytotoxic therapy in patients with MN [23] .
More recently, we sought to investigate the response of anti-PLA 2 R antibodies to treatment with RTX in our two study cohorts [25, 29] . Anti-PLA 2 R was found in pretreatment samples from 25 of the 35 (71%) patients (16 patients from the present study) [27] . Seventeen of the 25 autoantibody-positive patients (68%) showed a decline and disappearance of anti-PLA 2 R within 12 months of RTX treatment. These changes in autoantibody almost always preceded changes in proteinuria. Those who demonstrated such an immunologic response fared better clinically than those with persistent anti-PLA 2 R levels, with 59% attaining complete or PR by 12 months and 88% by 24 months, versus 0 and 33%, respectively.
In the present study, decline in U proteins was already noticeable during the first 3 months. However, as presented in Figure 4 , the initial decline in all U markers occurred when significant levels of anti-PLA 2 R were still present. How can this be reconciled? It is possible that apart from suppression of pathogenic antibodies, RTX may also exert anti-proteinuric effects by modulating podocyte function. Fornoni et al. [35] recently studied 41 patients with ESRD secondary to FSGS and high risk of recurrence post kidney transplant. These investigators studied the effects of sera from patients with recurrent FSGS on normal human podocyte sphingomyelin phosphodiesterase acid-like 3b (SMPDL-3b) protein, acid sphingomyelinase (ASMase) activity and cytoskeleton remodeling. These sphingolipidrelated proteins are crucial for the organization of receptors and signaling molecules in specialized cells, such as the podocytes [36] . Sera from patients who developed recurrent FSGS caused a decrease in both SMPDL-3b and ASM. Treatment with RTX partially prevented downregulation of SMPDL-3b and ASMase, the disruption of the actin cytoskeleton and podocyte apoptosis induced by podocyte exposure to sera of patients with recurrent FSGS [35] . These results suggest that RTX may have important direct modulatory effects on podocyte function, similar to what has been reported for cyclosporine, and may help explaining the initial decline in urinary proteins seen in the current study [37] . Thus, response to RTX may be characterized by an initial immunological-independent effect on podocyte cytoskeleton that is followed by an immunological-dependent effect on the cause of glomerular injury (i.e. anti-PLA 2 R antibodies).
Conclusion
In patients with idiopathic MN, treatment with RTX not only appears to be effective in inducing CR or PR in a significant number of patients, but also significantly improves the urinary excretion of a number of selective proteins, namely α1M, RBP, IgG and albumin. However, pretreatment quantification of these urinary proteins did not predict the long-term response to RTX therapy. Our data should be interpreted narrowly in view that the number of patients involved in the study was small and the proteinuria response to RTX was high. In particular, we did not study the relationship between these proteins and disease progression and did not vary the therapy. Therefore, our data do not contradict previous studies indicating that these proteins can predict disease progression, nor does it preclude the possibility that they could be used to identify patients who should receive more-aggressive therapies. Whether these markers can identify patients who are likely to go into spontaneous remission requires further study.
Reliable markers capable of predicting response to RTX in patients with MN remain to be defined.
